Speech perception is supported by both acoustic signal decomposition and semantic context. This study, using event-related functional magnetic resonance imaging, investigated the neural basis of this interaction with two speech manipulations, one acoustic (spectral degradation) and the other cognitive (semantic predictability). High compared with low predictability resulted in the greatest improvement in comprehension at an intermediate level of degradation, and this was associated with increased activity in the left angular gyrus, the medial and left lateral prefrontal cortices, and the posterior cingulate gyrus. Functional connectivity between these regions was also increased, particularly with respect to the left angular gyrus. In contrast, activity in both superior temporal sulci and the left inferior frontal gyrus correlated with the amount of spectral detail in the speech signal, regardless of predictability. These results demonstrate that increasing functional connectivity between high-order cortical areas, remote from the auditory cortex, facilitates speech comprehension when the clarity of speech is reduced.
Introduction
Everyday speech perception is successful despite listening conditions that are usually less than ideal (e.g., the speech signal may be degraded by being embedded in ambient noise or echoes or may be subject to spectral reductions or compression down telephone lines). Despite these distortions, the listener is usually unaware of any difficulty in understanding what has been said. It has been recognized since the 1950s that an important factor supporting speech comprehension is the semantic context in which it is heard. Thus, words embedded in sentences are usually better understood than isolated words, and in noisy environments, comprehension improves once the listener knows the topic of a conversation (Miller et al., 1951; Boothroyd and Nittrouer, 1988; Grant and Seitz, 2000; Stickney and Assmann, 2001; Davis et al., 2005) . Therefore, both intuitive reasoning and objective evidence from these psychoacoustic investigations indicate that speech comprehension is the result of an interaction between bottom-up processes, involving decoding of the speech signal along the auditory pathway, and top-down processes informed by semantic context. The brain regions that interact to match acoustic information with context are not well understood. Functional imaging studies have advanced our understanding of the functional anatomy of the auditory processes supporting speech perception (Binder et al., 1996; Scott et al., 2000; Davis and Johnsrude, 2003; Zekveld et al., 2006 ) (for review, see Scott and Johnsrude, 2003; Poeppel and Hickok, 2004; Xu et al., 2005) , with good evidence for an auditory processing stream along the superior temporal gyrus that is sensitive to intelligibility. Noise vocoding is an effective technique to manipulate the spectral detail of speech (Shannon et al., 1995) and render it more or less intelligible in a graded manner (Scott et al., 2000 Davis and Johnsrude, 2003; Warren et al., 2006) . In a previous behavioral experiment, we demonstrated that a contextual manipulation was most effective at an intermediate level of quality of speech signal (J. Obleser, L. Alba-Ferrara, and S. K. Scott, unpublished observation). We used sentences that varied in semantic predictability, so that the strength of semantic associations between the key words was either high or low (e.g., "He caught a fish in his net" vs "Sue discussed the bruise") (Kalikow et al., 1977; Stickney and Assmann, 2001 ). Semantic predictability has been shown previously to influence speech perception (Boothroyd and Nittrouer, 1988; Pichora-Fuller et al., 1995; Stickney and Assmann, 2001) , and in our study, we demonstrated that it affected accuracy of comprehension, with an improvement from 50 to 90%, when used with spectrally degraded, noise-vocoded sentences of intermediate degree (eight frequency channels) (Obleser, Alba-Ferrara, and Scott, unpublished observation) .
In this study, subjects listened to sentences varying in acoustic degradation and in semantic predictability in an event-related functional magnetic resonance imaging (fMRI) experiment. The aim was to identify the interdependency between bottom-up and top-down processes during speech comprehension, specifically to investigate which brain regions mediate successful yet effortful speech comprehension through contextual information under adverse acoustic conditions and how these brain regions interact.
Materials and Methods
Subjects. Sixteen right-handed monolingual speakers of British English (seven females; mean age, 24 Ϯ 6 years SD) were recruited. All were native monolingual speakers of English, and none had a history of a neurological, psychiatric, or hearing disorder. No subject had previous experience of noise-vocoded or spectrally rotated speech, and all were naive to the purpose of the study. The total duration of the procedure was Ͻ1 h. The study had previous approval of the local ethics committee of the Hammersmith Hospitals Trust.
Stimulus material. The stimulus material consisted of 180 spoken sentences from the SPIN (speech intelligibility in noise) test (Kalikow et al., 1977) (forms 2.1, 2.3, 2.5, and 2.7), half of which comprise lowpredictability sentences (e.g., "Sue discussed the bruise" or "They were considering the gang") and high-predictability sentences (e.g., "His boss made him work like a slave" and "The watchdog gave a warning growl"), matched for phonetic and linguistic variables such as phonemic features, number of syllables, and content words. The sentences were recorded by a phonetically trained female speaker of British English in a soundproof chamber [using a Brüel & Kjaer (Naerum, Denmark) 2231 sound-level meter fitted with a 4165 cartridge; sampling rate, 44.1 kHz]. The final set of stimuli was created off-line by down-sampling the audio recordings to 20 kHz (9 kHz bandpass), editing the sentences at zero-crossings before and after each sentence, and applying 5 ms linear fades to onsets and offsets. Sentence recordings were normalized with respect to average root-mean-squared amplitude and had an average duration of 2.2 s.
Each of the 180 sentence recordings was submitted to a noisevocoding routine (Shannon et al., 1995) with 2, 8, or 32 filter bands, resulting in six conditions (Fig. 1a) : two predictability levels (low, high) at three intelligibility levels (logarithmically varying spectral degradation through 2-, 8-or 32-band noise vocoding) with 30 stimuli each. A seventh condition was created to serve as an entirely unintelligible control condition: an additional set of 30 noise-vocoded stimuli (32 bands) were presented after they had been spectrally rotated (Blesser, 1972) . This control condition has been used in imaging studies (Scott et al., 2000; Narain et al., 2003; Obleser et al., 2007) ; it leaves the temporal envelope unaltered and preserves the spectrotemporal complexity, whereas the signal is rendered unintelligible by inverting the frequency spectrum.
The exact levels of noise vocoding were chosen after a series of behavioral pretests (Obleser, Alba-Ferrara, and Scott, unpublished observation). Eight-band noise-vocoded speech had been identified as the condition in which predictability had the largest influence (for a signal frequency range of 0 -9 kHz). At such an intermediate signal quality, the influence of context provided by semantic predictability proved most effective in improving performance. In two experiments that closely preserved the design of this imaging study, identification of key words within sentences improved by almost 40% for sentences with high predictability compared with sentences with low predictability. The same sentence material was used and presented randomly, and we orthogonally varied predictability and intelligibility over a wide range of spectral degradation (noise-vocoding) levels. In contrast, there was no influence of predictability on key word recognition either with two-band noise-vocoded speech or with normal speech. In the current imaging study, we approximated normal speech with 32-band noise-vocoded speech to avoid popout effects (Fig. 1b) .
Experimental procedures. Subjects were in the supine position in a 3.0T Philips (Best, The Netherlands) Intera scanner equipped with a sixelement SENSE head coil for radiofrequency signal detection, fitted with a B 0 -dependent auditory stimulus delivery system (MR-Confon, Magdeburg, Germany). In a short familiarization period, all subjects listened to 30 examples of noise-vocoded speech with three levels of degradation and two levels of predictability. The levels of degradation and the sentences were not used in the subsequent fMRI study. There were also 30 trials on spectrally rotated speech. All subjects recognized the noisevocoded stimuli as speech, despite the varying degrees of spectral degradation and intelligibility.
In the scanner, subjects were instructed to lie still and listen attentively. They were prepared to answer some questions on the material afterward, while no further task was introduced. A series of 240 MR-volume scans (echo-planar imaging) was obtained. Trials of all seven conditions (30 trials and volumes per condition) and 30 additional silent trials were presented in a pseudo-randomized and interleaved manner. An MR volume consisted of 32 axial slices, obliquely oriented to cover the entire brain (an in-plane resolution of 2.5 ϫ 2.5 mm 2 with a slice thickness of 3.25 mm and a 0.75 mm gap). Scans were acquired with SENSE factor 2 and second-order shim gradients to reduce blurring and signal loss associated with susceptibility gradients adjacent to the ear canals. Volume scans were acquired using temporal sparse sampling (Hall et al., 1999) with a repetition time of 9.0 s, an acquisition time of 2.0 s, and a single stimulus being presented, in silence, 5 s before the next volume scan. The exact stimulus onset time was jittered randomly Ϯ500 ms to sample the blood oxygenation level-dependent (BOLD) response more robustly. The functional run lasted for 36 min and was followed by a highresolution T1-weighted scan to obtain a structural MR image for each subject.
Data analysis. Using SPM5 (Wellcome Department of Imaging Neuroscience, London, UK), images were corrected for slice timing, realigned, coregistered, normalized to a T1 template using parameters from gray matter segmentation, and smoothed (8 mm 3 Gaussian kernel). For each subject, seven regressors of interest (seven conditions) and six realignment parameters were modeled using a finite impulse response (Gaab et al., 2006) , with the silent trials forming an implicit baseline. At the second (group) level, a random-effects within-subjects ANOVA with seven conditions (each condition contrasted with silence from each subject) was calculated. Unless stated otherwise, all group inferences are reported at an uncorrected level of p Ͻ 0.005 and a cluster extent of Ͼ30 voxels. Coordinates of peak activations were transformed into Talairach coordinates and labeled according to the Talairach Daemon Database (Lancaster et al., 2000) .
Analysis of functional connectivity. For clusters of activated voxels in the contrast of high-with low-predictability sentences using eight-band noise-vocoded speech (the level of degradation at which semantic predictability had the greatest behavioral effect) (Fig. 1a) , a correlation analysis was planned to investigate the strength of functional connectivity between clusters. Using the MarsBaR toolbox within SPM5 and using the first eigenvector to summarize activation of a cluster across voxels, time courses from all significant clusters were extracted from each subject's data across all conditions. The condition-and cluster-specific time courses of all subjects were then collapsed into a median time course that Figure 1 . a, Illustration of the basic experimental design. Predictability (i.e., the inner semantic coherence of a sentence or how well one key word predicts the others) and intelligibility of the signal (through noise vocoding and thereby reducing the spectral detail) are varied orthogonally. b, Behavioral pretesting results unequivocally identified predictability to be most effective on speech comprehension at intermediate signal quality of eight-band noise-vocoded speech. ***p Ͻ 0.0001 [data based on n ϭ 18 (replotted from Obleser, Alba-Ferrara, and Scott, unpublished observation)]. Error bars indicate SEM.
represents the average activity time course of a given brain region in a given condition (having 30 sampling points for the 30 trials of each condition; because it is averaged across subjects, it also has an enhanced signal-to-noise ratio). Correlations of activity time courses between brain regions were then analyzed separately across all conditions and assessed statistically using Pearson's correlation coefficient.
Results
We found extensive bilateral temporal activation in response to all stimuli in all subjects. Therefore, all subjects were included in the random-effects group analysis. First, an F-contrast for any main effect of intelligibility was assessed (i.e., we looked for brain regions that showed a change in activity with increasing spectral detail in the speech signal, regardless of predictability). This analysis revealed extensive bilateral activation in the temporal lobes, with the peak voxels in each hemisphere located in the anterior superior temporal sulcus (STS), with extension on the left into the inferior frontal gyrus (Fig. 2) . All of these regions showed a quasi-monotonic increase in BOLD signal with increasing intelligibility of the signal. In contrast, the medial parietal cortex (precuneus) and the left posterior inferior parietal cortex demonstrated decreasing activation with increasing signal quality [see Table 1 for the stereotactic coordinates, in MNI (Montreal Neurological Institute) space, for the peak voxels].
Second, the influence of sentence predictability at an intermediate degradation level was investigated, informed by the known behavioral effect at intermediate signal quality (eight-band noisevocoded speech), the condition when predictability had the greatest influence on speech comprehension (Fig. 1) . The left and right anterior STS showed no difference in activity between lowand high-predictability eight-band noise-vocoded sentences. However, activity with high-predictability sentences extended posteriorly into the left posterior temporal and inferior parietal cortices and forward into the left temporal pole and ventral inferior frontal cortex (Fig. 3 ). There were additional activations outside the temporal lobes, in the medial prefrontal and posterior cingulate cortices.
A direct comparison of brain activity in response to sentences of high and low predictability with the eight-band noise-vocoded sentences confirmed the activation of these cortical areas (Fig. 3 , Table 1 ). Five brain regions, four lateralized to the left hemisphere and one midline in the anterior prefrontal cortex, demonstrated increased activity in response to degraded yet highly predictable speech. The left dorsolateral prefrontal cortex, angular gyrus, and posterior cingulate cortex did so only under this condition of effortful yet successful speech comprehension. Importantly, activity returned to baseline when the sentences were both highly predictable and readily intelligible; therefore, these regions were not demonstrating a response simply to success at comprehension, although this effect was observed in the medial prefrontal cortex and in the left inferior frontal gyrus, where activity did not differ between 8-and 32-band noise-vocoded speech when sentences were of high predictability.
Third, the functional connectivity between these five cortical areas was determined, as described in Materials and Methods. Because these cortical areas were engaged when the degraded speech signal was heard within the context of high predictability (i.e., when comprehension was enhanced by semantic context), a change in functional connectivity was expected (expressed as an across-trials correlation between one cortical area and another). This prediction was confirmed as an increase in correlation of the activity between cortical areas when the eight-band noisevocoded sentences were of high predictability (Table 2) . Notably, the correlation of the responses between the left angular gyrus and prefrontal cortex changed from being not significant (r ϭ 0.12 and r ϭ 0.25 for the lateral and medial prefrontal cortex, respectively) when the sentences were of low predictability to significant (r ϭ .68 and r ϭ .71, respectively; p Ͻ 0.0001) when sentences were of high predictability (Fig. 4) . Although the hypothesis-led analyses were directed at the comparison of sentences of high versus low predictability heard at an intermediate signal quality, we also observed that the correlation of activity between brain regions was not significant when subjects heard unintelligible rotated speech. The correlations between activated areas within the prefrontal cortex and between anterior and posterior midline areas were high, regardless of whether the eightband noise-vocoded sentences were of high or low predictability (i.e., predictability did not modulate the functional connectivity between these areas) ( Table 2 ).
Discussion
We have demonstrated how changes in functional integration across very distributed brain regions improve speech perception under acoustically suboptimal conditions. Using a design that varied orthogonally intelligibility (Shannon et al., 1995) and semantic predictability (Stickney and Assmann, 2001 ) revealed functional connections between areas in the temporal, inferior parietal, and prefrontal cortices that strengthened and supported comprehension of sentences with high semantic predictability but intermediate signal quality. Because the signal quality was constant (eight-band noise-vocoded speech) across sentences of both low and high predictability, this effect could be attributed to the modulating effect of semantic context (Kalikow et al., 1977; Stickney and Assmann, 2001 ) (Obleser, Alba-Ferrara, and Scott, unpublished observation) . This was further confirmed by the observation that the strengthening of functional connections was between areas that were not responding simply to increased sentence comprehension, because activity was not maintained in response to the easily understood 32-band noise-vocoded sentences.
Activation in the contrast of high-and low-predictable eightband noise-vocoded sentences was most evident in the left angular gyrus. Activity in this area, and at the other extreme of the left Results from an F-contrast for the main effect of intelligibility (number of bands) is shown, yielding extensive bilateral clusters in temporal lobes, with peak voxels (contrast bar graphs for all 7 conditions are shown below) in the left and right STS that are not modulated by predictability. In the left hemisphere, the cluster also incorporates the inferior frontal cortex. The posterior parietal activations show the reverse pattern (decreasing activation with increasing intelligibility). All activations are p Ͻ 0.005; the cluster extent is Ͼ30 voxels. Error bars indicate SEM. lo, Low; hi, high; rot., rotated.
temporal lobe, in the anterior temporal cortex extending into the ventral inferior frontal gyrus, showed this effect of high predictability more than low predictability at intermediate signal quality. Additional areas demonstrating the same effect were the left dorsolateral and medial prefrontal cortices and the left posterior cingulate cortex. In contrast, the lateral temporal necortex within the superior temporal gyrus and sulcus was sensitive to the increasing spectral detail across all stimuli.
The enhanced activity was seen only in the high-predictability eight-band condition; when speech comprehension was effortless in response to 32-band speech, activity in the angular gyrus, posterior cingulate cortex, and dorsolateral prefrontal cortex returned to baseline level (Fig.  3) . In other words, only if speech comprehension succeeds despite adverse acoustic conditions are these regions involved. Changes in predictability in the absence of signal degradation (i.e., for 32-band signals) were not accompanied by substantial increases in brain activation, nor did they lead to differences in speech recognition in the behavioral pretests. The conclusion is that the influence of semantic context when listening to short sentences only becomes crucial once the signal is compromised.
Functional connectivity analysis among the activated clusters yielded positive correlations between their time courses of activity. This evidence for functional integration was most evident when the subjects listened to eight-band noise-vocoded speech that could be decoded because of semantic context compared with the corresponding signal when semantic context was absent. As summarized in Table 2 , the connectivity between the angular gyrus and the other four activation clusters showed the greatest increase (Fig. 4) . Interestingly, this strength of connectivity between the angular gyrus and the frontal lobe is reduced in developmental dyslexia (Horwitz et al., 1998) , and a recent study demonstrated parietal-frontal "underconnectivity" during sentence comprehension in autistic subjects (Kana et al., 2006) . The strengthened connectivity along the temporal lobe (between the angular gyrus and temporal pole) fits well with recent evidence on anatomical links between these areas (middle longitudinal fasciculus), as does the link between the angular gyrus and lateral prefrontal cortex (Schmahmann and Pandya, 2006) . A recent study on written text comprehension also identified an increase in activity in the angular gyrus [Brodmann's area (BA) 39] in a contrast of real-word sentences with sentences comprising pseudowords (Ferstl and von Cramon, 2002) . This is additional evidence that the angular gyrus is a resource for semantic processing, activated in our study when semantics had a decisive influence on speech perception.
Because all of the regions are distributed across the frontal and parietal cortices, their contribution to speech comprehension is likely to be of higher order than basic acoustic processing. These widespread activations are likely to represent a number of cognitive-supporting mechanisms, among them aspects of working memory and attention. One hypothesis is that the contribution of the angular gyrus is through its role in verbal working memory, and it is a region that has frequently been implicated in explicit semantic decision tasks (Binder et al., 2003; Sharp et al., 2004) . Other processes such as phonological memory and auditory-motor transformation processes (Jacquemot et al., 2003; Hickok and Poeppel, 2004; Warren et al., 2005; Jacquemot and Scott, 2006 ) that might contribute to recovering meaning from degraded speech signals are located in adjacent but separate temporo-parietal areas. Working memory operations in the left dorsolateral prefrontal cortex [Petrides, 1994; Owen, 1997 ; for a review on working memory, see Owen et al. (2005) ] might support comprehension under adverse conditions by permitting the manipulation of the degraded stimuli within shortterm memory. Thus, components of the degraded sentence that do not map automatically onto meaning can be reconstructed by reprocessing them within the context of semantic predictability.
The fronto-parietal network seen here might also reflect monitoring and selection processes more commonly associated with attention than only maintaining information in short-term memory (Lebedev et al., 2004) . This interpretation postulates that the prefrontal cortex has a role in directing attention to relevant auditory features, to guide both short-term memory and access to long-term memory representations (for review, see Miller and Cohen, 2001) . Most relevant to comprehending distorted speech in a sentence context is the concept of competition among lexical and phonological candidates, because signal degradation introduces considerable ambiguity. A recently suggested framework for the prefrontal cortex and conceptual selection problems (Kan and Thompson-Schill, 2004) would imply that the system for speech perception has to solve problems associated with lexical selection. Because of the acoustic ambiguity, each key word might activate multiple possible word candidates. With high semantic coherence, top-down influences guide correct lexical selection, but with low semantic coherence, lexical selection will be much less successful. For such selection and competition processes, the left prefrontal cortex is engaged (Tippett et al., 2004) . Also, top-down control of selective attention in our study might encompass the on-line formation of increasingly specific hypotheses about which sentence-final word to expect in a degraded yet predictable sentence. This in turn would enable more thorough and, ultimately, more successful (re-)analysis of the noise-vocoded signal as more elements of the sentence become available.
Finally, the facilitation through context in the current stimulus set is likely to entail a range of possible subordinate lexical mechanisms by which predictability supports comprehension. Both verb semantics (by narrowing down the context) and semantic associations in general (by allowing to "prime" for other word candidates) are possible influences here (Kalikow et al., 1977; Friederici and Kotz, 2003) , a matter to disentangle in additional studies.
To summarize, successful speech perception under less than ideal listening conditions depends on greater functional integration across a very distributed left-hemispheric network of cortical areas. Therefore, speech perception is facilitated when high-order cognitive subsystems become engaged, and it cannot be considered as the product of processing within the unimodal auditory cortex alone (Jacquemot and Scott, 2006) .
A clear lateralization to the left was observed. Left-hemisphere predominance is often absent from studies of speech perception and comprehension, and it was by and large absent in the main effect of intelligibility results in the present study (Fig. 2) . Thus, it appears that only once higher-order processes interact with downstream perceptual systems is the left lateralization established. Notably, left-and right-hemispheric temporal cortices also varied in their degree of responsiveness to the entirely unintelligible sounds of rotated speech: as can be seen in Figure 2 , right STS areas show near-baseline activation in response to rotated speech, whereas the left STS area clearly exhibits a relative deactivation [compare previous findings on rotated speech (Scott et al., 2000; Narain et al., 2003) ].
Interestingly, Broca's area (BA 44/45) was not activated differentially by high and low predictability despite its known role in rule-based processing also in speech. Its response pattern was statistically indistinguishable from the anterolateral STS (Fig. 2) . Thus, structural processing of the language content in our set of stimuli may only have become possible once a certain level of signal quality was attained, and that it increased further as perceptual ambiguity was overcome.
By using a factorial design, parametric degradation of the speech signal and an acoustically matched unintelligible baseline, we have not only been able to confirm the network of cortical areas that respond to speech intelligibility (Binder et The top and middle panels of activation overlays display the two conditions separately (in red and blue, respectively) compared with spectrally rotated speech. The bottom panels of brain overlays show the direct comparison of both. Bar graphs show activations in cluster peak voxels of direct comparison. BA 39, BA 8, and BA 30 (left panels) and BA 9 and BA 47 (right panels) all exhibit strongest activation through high-predictability eight-band speech. All activations are p Ͻ 0.005; the cluster extent is Ͼ30 voxels. Error bars indicate SEM. lo, Low; hi, high; rot., rotated; hi-pred, high predictability; lo-pred, low predictability. Positive values indicate an increase in positive correlation between brain regions in the high-predictability eightband condition compared with the low-predictability eight-band condition.
ϩ p Ͻ 0.10; *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. Correlations of r Ͼ 0.50 would be considered significant on Bonferroni correction (n ϭ 16; based on the median of within-subject eigenvector time courses from activation clusters; p Ͻ 0.005; k Ͼ 30; randomeffects). Lo-pred., Low predictability; Hi-pred., high predictability. changes within the network that occur when intelligibility and semantic context interact. This captures the nature of speech perception under real-life conditions.
In conclusion, the combination of two established manipulations of speech, one acoustic (spectral degradation through noise vocoding) and the other linguistic (semantic predictability), allowed us to demonstrate a widely distributed lefthemisphere array of cortical areas that can establish speech perception under adverse listening conditions. These areas are remote from the unimodal auditory cortex in high-order heteromodal and amodal cortices. Their functional connectivity is strengthened when semantic context has a beneficial influence on speech perception. Figure 4 . a, Overview over the changes in correlation between brain regions for the high-predictability eight-band condition (red) and the low-predictability eight-band condition (blue). Numbers in clusters indicate BAs of cluster peak voxels. All arrows shown indicate an increase in the positive correlation for the high-predictability condition, whereas no brain areas are more strongly interlinked for low predictability.
ϩ p Ͻ 0.10; *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. The dashed blue lines indicate nonsignificant correlations. For details of changes in correlation (⌬r), see Table 2 . b, Scatterplots with linear regression slopes exemplifying the increase in the positive correlation between the left posterior temporal/inferior parietal cortex (angular gyrus, BA 39; x-axis) and left dorsolateral prefrontal cortex (superior frontal gyrus, BA 8; y-axis). Values plotted are condition-specific first eigenvector time series from the cluster identified in random-effects group analysis averaged across subjects (see Materials and Methods).
